, "Mapping absolute tissue endogenous fluorophore concentrations with chemometric wide-field fluorescence microscopy," J.
Light interaction with tissue and cells can be used to quantify their biochemical, functional, and morphologic properties noninvasively and has permeated biology and medicine. 1,2 Among different optical methods, fluorescence, in particular, reveals the biochemical and molecular environments. For example, autofluorescence from intrinsic molecules has been demonstrated to be an effective probe for tissue physiological state [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] and used to monitor cellular metabolism to differentiate normal, dysplasia, and cancer ex vivo and in vivo. [13] [14] [15] [16] [17] [18] [19] [20] Imaging endogenous fluorescence typically requires a confocal microscope with laser excitation owing to its weak strength, which hinders its wider applications. In this paper, we present a chemometric fluorescence microscopy that uses broadband excitation and detection to dramatically increase the signal-to-noise ratio (SNR) in widefield fluorescence imaging and further resolves and maps the absolute concentration of individual fluorescent intrinsic molecules by computational synthesis.
Consider a specimen of thickness L (such as a pathology slide whose L ∼ 4 μm) with endogenous fluorophore concentrations of c j ðx; yÞ with 1 ≤ j ≤ n denoting the j'th species and x; y being the lateral coordinates. Under broadband excitation and detection, the fluorescence intensity under one specific i'th combination of the excitation and detection bands can be written as I i ¼ P j w ij c j ðx; yÞ with E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 3 2 6 ; 3 7 7 w ij ¼ Z E i ðλ e ÞX i ðλ x ÞSðλ e ; λ x Þf j ðλ e ; λ x ÞLdλ e dλ x ;
where λ e;x are the emission and excitation wavelengths, respectively, E i and X i are the emission and excitation bands for the i'th configuration (channel) with 1 ≤ i ≤ m and m being the total number of channels, S is the system response function, and f j is the excitation-emission spectrum for the j'th species. The total fluorescence signal from the j'th species across all channels is given by E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 3 2 6 ; 2 7 3 C j ¼ X i w ij c j ðx; yÞ ¼ K j c j ðx; yÞ;
where K j ≡ P i w ij represents the total fluorescence intensity across all channels produced by one unit of the j'th species of fluorophore. The fluorescence signal can then be written as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 3 2 6 ; 2 0 8 
or, in short, I ¼ Wc ¼WC, where the normalized weightsw ij ≡ w ij ∕K j ≥ 0 and P iwij ¼ 1. The weightsw ij (i ¼ 1;2; : : : ; m) can be regarded as the spectral signature (feature) of the j'th component. The weightsw ij and the strength K j are completely determined by the fluorophore species and the imaging system configuration alone.
When the species of the fluorophore are known a priori, the weighting matrix w ij can be directly measured under the identical experimental condition. A pixel-by-pixel regularized inversion 21 can then be used to infer C from I in either over-determined (m ≥ n) or under-determined (m < n) cases. There are, however, a few drawbacks for such approaches, including the need for the exact knowledge of number and types of fluorescent species and their signatures in the medium and the possibility of generating unphysical negative values for the concentration. The issue is further compounded by spectral shifts and signature variations between pure fluorophores and fluorophores in the specimen owing to their different biochemical environments.
The spatial diversity of the wide-field fluorescence image allows a second more attractive approach by learning the parts (fluorophores) directly from the data through nonnegative matrix factorization (NMF). 22 Denoting the total number of pixels in the microscopic image as N ¼ N x N y with N x;y being the x; y dimension of the image, respectively, the measured fluorescence intensity vector I ðkÞ on the k'th pixel (x k ; y k ) satisfies Eq. (3), and stacking these I ðkÞ 's (1 ≤ k ≤ N) yields E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 6 3 ; 4 5 5 V ¼WH þ ε;
where V ¼ ½I ð1Þ ; I ð2Þ ; : : : ; I ðNÞ , H ¼ ½C ð1Þ ; C ð2Þ ; : : : ; C ðNÞ , and ε is an m × N matrix representing measurement noise. Noting that N ≫ m; n, NMF provides an efficient method factorizing the data cube V of dimension m × N into a feature matrixW of dimension m × n and a coefficient matrix H of dimension n × N, where V,W, and H are all nonnegative matrices. The basic principle of NMF is to iteratively seek nonnegative matricesW and H to minimize a functional such as the squared error kV −WHk 2 F . 22, 23 After NMF of V, the normalization condition for the feature matrixW is enforced by dividing the j'th column ofW by P iwij and multiplying the corresponding j'th row of H by the same factor. The j'th row of the final coefficient matrix H then represents the two-dimensional (2-D) concentration map C j ðx; yÞ of a fluorescent species with the corresponding j'th column inW being its spectral signature. If a bank of "pure" fluorophore candidates is available, their spectral signatures and strengths can be measured under the identical experimental condition. By matching (which needs not be identical) the spectral signaturew ij (1 ≤ i ≤ m) to those from the bank (and further constrained by a priori information on their spatial distribution characteristics, if present), one can identify the fluorescent species for the j'th component and determine the fluorophore strength K j . The absolute concentration map for the j'th species is then given by c j ðx; yÞ ¼ C j ðx; yÞ∕K j . This NMF-based method is robust with respect to fluorescence spectral broadening or shifts. The spectral signatures of the fluorophores inside the biological tissue need not to be known exactly a priori and are retrieved together with the concentration maps simultaneously through NMF.
We will now present chemometric autofluorescence imaging of thin tissue sections as one example. Specific contributing fluorophores for tissue endogenous fluorescence include aromatic amino acid residues such as tryptophan found in most proteins (λ ex ¼ 200 to 340 nm, λ em ¼ 360 to 370, 455 nm); reduced pyridine nucleotides [NAD(P)H], which are cofactors in cellular metabolism and are found mainly in mitochondria but are also present in the cytoplasm (λ ex ¼ 360 nm, λ em ¼ 460 nm); 24 and flavins and flavin nucleotides (riboflavin, flavin mononucleotide, and dinucleotide), which are mostly bound to enzymes as coenzymes of flavoproteins and concentrated in the mitochondria (λ ex ¼ 360, 445 to 470 nm, λ em ¼ 440, 520 nm). 25 Extracellular matrix components collagen and elastin also contribute strongly to tissue native fluorescence.
An epi-fluorescence microscope (Axio 40cfl, Zeiss) was used to image an unstained paraffin embedded lung cancer tissue matrix array (TMA) (BioMax). Fresh surgically removed samples, within 15 to 30 min after surgical resection, were preserved in neutral phosphate buffered formalin (NBF) for 24 h before they were processed in a tissue processor (Leica) and embedded in paraffin. The light source was a 50-W mercury arc lamp. Tissue fluorescence images under UV excitation (using a UV fluorescence filter set with the excitation wavelength centered at 365 nm with a bandwidth of 12 nm) and blue illumination (using a filter set with the excitation wavelength centered at 480 nm with a bandwidth of 40 nm) were recorded by a digital camera (Canon 5D Mark II). Such broadband excitation and emission spectral imaging achieves sufficient SNR for the weak fluorescence signal. The channels in this setup are UV-R, UV-G, UV-B (under UV excitation), and B-R, B-G (under blue excitation) with m ¼ 5. The exposure time was set at 1.5 s for both excitations. A bank of slides containing a thin uniform layer (∼4-μm thick) of pure fluorophores (including tryptophan, collagen, elastin, nicotinamide adenine dinucleotide (NADH), flavin adenine dinucleotide (FAD), and porphyrin) water solution or suspensions was prepared separately and measured under the identical experimental condition. The B-R and B-G channels were multiplied by four for both specimens and the fluorophore bank to avoid the dominance of UV channels. Note that strong tryptophan fluorescence was excited in both the pure tryptophan sample and the tissue specimens under UV excitation although the illumination light is off its excitation peak (280 nm). Fixation causes cross linking in proteins; therefore, fixed tissue can be preserved for a relatively long time without incurring significant changes in the microenvironments. Fixation with NBF has been shown not to cause significant fixative-induced fluorescence. 26 The presence of fixative-induced fluorescence, if any, is accounted for as part of the noise ε in the fluorescence measurement [see Eq. (4)]. The fluorescence spectra of NADH and FAD seem to be unaffected by fixation with formalin, 27 and useful NADH and FAD measurements can be obtained from fixed tissue. 28, 29 We have also observed the excitation and emission matrix measured for native fluorophores in fixed tissue to be similar to the ones being reported for fresh tissues. 8, 12, 17 No fluorescence from paraffin was observed. The selection of the UV band also preferably excites elastin rather than collagen. We note that, although the endogenous fluorescence spectra in appropriately fixed tissue are similar to those of intact tissue, fixed tissue may show stronger autofluorescence intensity than intact tissue owing to factors such as volume shrinkage. The study of autofluorescence from fixed tissue, however, suits the purpose of validation here and is itself of great interest. Histopathologic evaluations of fixed tissue are currently the gold standard for diagnosis, and the autofluorescence from fixed tissue promises great diagnosis potential. 29 Journal of Biomedical Optics 066009-2 June 2017 • Vol. 22 (6) For each specimen, the block principal pivoting NMF algorithm 30 aided by spatial diversity decomposed the set of measured fluorescence images after background removal into a product ofW and H. The distribution of individual fluorescence component is contained in one row of H and the fluorescence species is identified using the feature matrixW. Figure 1 shows the spectrum of the extracted fluorescence components to the right of those measured for the "pure" fluorophore bank. The error bars show the standard deviation for the spectral signature of the extracted fluorescence components across all specimens. The red channel of the digital camera is also sensitive to green light, giving rise to an enhancement in the red channels, 31 most evident in the strong B-R channel for FAD. The spectral signature of the extracted fluorescence components overall agrees well with those from the "pure" fluorophore bank. The difference in the extracted and "pure" fluorescence spectra can be attributed to their different chemical environments. Note that the spectral signature of collagen (data not shown) is similar to that of elastin. The content of collagen and elastin in human lungs is also similar. 32 Although both collagen and elastin are present in the lung tissue specimen, the detected fluorescence is primarily from elastin with the current system as elastin is preferably excited under the chosen UV band with a ratio of 64:1 for the fluorescence intensity per unit mass between elastin and collagen. The major fluorescence species are then identified to be Trp (tryptophan), elastin, NADH, and FAD. The fluorescence intensities of these four major components are significantly different between normal (n ¼ 36), perilesional (n ¼ 30), and cancerous (n ¼ 52) lung tissue (see Fig. 2 ). The concentrations (mM) of Trp, elastin, NADH, and FAD and the redox ratios (concentration ratios) FAD/Trp and FAD/NADH measured for normal, perilesional, and cancerous lung tissue are summarized in Table 1 . Note that the concentrations are for fixed lung tissue (TMA) and may overestimate those of fresh lung tissue. Tryptophan, elastin, NADH, and FAD are all observed to decrease significantly in their concentration from normal, perilesional, to cancerous lung tissue. The redox ratios (FAD/Trp and FAD/NADH) are observed to follow a similar trend, yet they exhibit no statistically significant difference between normal and perilesional lung tissue.
Typical results for the resolved concentration maps are shown in Fig. 3 Fig. 3 shows the corresponding hematoxylin and eosin (H&E) stained image from a different serial cut section of the same site. Note that the nuclei do not contain elastin, NADH, or FAD, evident in their corresponding concentration maps. The mitochondria are associated with elevated concentrations of NADH and FAD. The perilesional case is particularly clear, showing the abundance of mitochondria in NADH, FAD, and FAD/Trp maps. The appearance of moderate content of elastin over the cellular region in Fig. 3 may partially originate from the relative larger error in the recovery of elastin from NMF under the current experimental condition (see Table 2 ).
For better visualization, the extracted maps for different fluorophore species may be combined to yield a computationally stained image by color coding the fluorophore species. Figure 4 shows the computationally stained images for the normal, perilesional, and cancerous sites from the fluorophore concentration maps shown in Fig. 3 . The fluorophore species Trp, elastin, NADH, and FAD are color coded as gray, green, blue, and yellow with their intensities proportional to the concentration, respectively. Compared with the conventional stained images, the computationally stained images exhibit distinctive advantages in highlighting the biochemical contrast between normal, perilesional, and cancerous sites. For example, the computationally stained images in Fig. 4 clearly show the abundance of Trp and elastin in the normal site and the shifting of the redox ratio, in particular over the mitochondria, between the perilesional and cancerous sites. The mitochondria are violet in the perilesional Fig. 1 The spectral signature of the extracted fluorescence components agree well with those measured for the "pure" fluorophore bank. "UV-B," "UV-G," and "UV-R" are the blue, green, and red channels, respectively, under the UV excitation. "B-G" and "B-R" are the green and red channels, respectively, under the blue excitation. The spectrum is normalized to one. The spectrum of the extracted fluorescence components is displayed to the right of that of the "pure" fluorophore bank. The error bars show the standard deviation for the spectral signature of the extracted fluorescence components across all specimens. Fig. 2 The absolute fluorescence intensities differ significantly between normal (n ¼ 36), perilesional (n ¼ 30), and cancerous (n ¼ 52) lung tissue. The significance is presented by "*" (p < 0.05), "**" (p < 0.01), and "***" (p < 0.001). site and become blue in the cancerous site with the reduction in the redox ratio FAD/NADH. A decrease in tryptophan concentration suggests accelerated catabolism and enhanced cytokine-induced degradation of tryptophan. This may reflect activation of tryptophan-degrading enzyme indoleamine (2,3)-dioxygenase at the tumor site, which may also be responsible for the lowering of the serum tryptophan concentration of lung cancer patients. 33 A similar trend in the reduction of tryptophan concentration with malignancy has been reported in human breast and fibroblast cell lines. 34, 35 Elastin was found to be one main fluorophore in lung tissue, and a dramatic decrease in its fluorescence accompanying a disorganized fibered network was observed for precancer tissue compared with normal tissue. 36 Pitts et al. 15 found that the carcinogen-transformed cells showed an appreciable decrease in the fluorescence intensity of both NADH and flavins, and the punctate, spatial localization of the autofluorescence was lost compared with immortalized human bronchial epithelial cells. The same trends were observed here (see Table 1 and Fig. 3 ). The decreasing redox ratio FAD/NADH with cancer is well-known as the consequence of the Warburg effect. 37 It is worth noting here that not only the absolution concentration of both FAD and NADH decreases but also FAD decreases more significantly than all other fluorophores with cancer. This gives rise to the reduction of FAD/NADH and, further, the observed increasing percentage of NADH (and other non-FAD) fluorescence in the total detected signal (see Fig. 5 ). The ratio FAD/Trp exhibits a similar trend as FAD/NADH for lung tissue.
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Not much data on the absolute concentrations of endogenous fluorophores in tissue were reported in the literature. The concentration of tryptophan translates to a mass density of ∼10 g∕L, close to the mass fraction of ∼1.2% of tryptophan in dry tissue. 38 The NADH concentration was reported to be in the range of ∼0.2 to 1 mM in breast tissue. 39 A similar range of NADH concentration was found for breast cells 40 and esophageal cells. 41 Considering their different tissue types and alterations by tissue processing, the values in Table 1 fall within the reasonable range of fluorophore concentrations in processed tissue.
The chemometric method presented here is particularly suited when the spectra of the fluorescent species are not known exactly. Figure 6 shows that nonnegative factorization aided by the spatial diversity successfully recovers the fluorescence species, whereas the inversion with the inexact a priori spectra results in appreciable artifacts when the spectra are known inexactly and with a moderate amount of relative error of 5%.
The number of recoverable species of fluorophores is limited by m, the total number of excitation-detection channels. Additional channels need to be added to accommodate more species of fluorophore to be quantified. One potential issue of NMF is that it may yield nonunique solutions. This ambiguity is minimized using the known spectral signature of "pure" fluorophores as the initial guess of the feature matrix to the block principal pivoting NMF algorithm. 30, 42 Furthermore, the satisfactory recovery of the fluorophore spectra and concentration depends on the SNR and the spectral distinctiveness between the underlying fluorophore species. To assess the uncertainties in the recovered concentrations, we performed numerical experiments by first synthesizing fluorescence images from given fluorophore concentrations and then extracting the fluorophore concentrations using the chemometric method after compounding with noise. Table 2 displays the ratio of the recovered and the actual average concentrations and the similarity (2-D correlation coefficient) between the reconstructed and actual concentration maps for the case where the fluorescence contribution from Trp, elastin, NADH, and FAD is 2:1:1:2, similar to that of human lung. The recovered Trp, NADH, and FAD concentration maps are more accurate, whereas that of elastin is least accurate as its fluorescence strength is weak and has a similar spectral signature to that of Trp. The noise in the measured fluorescence images was <1% in our experiments. One potential approach to improving the performance of the chemometric method is to optimize the NMF algorithm for the high spatial resolution and limited number of excitation-detection channels in chemometric fluorescence microscopy and incorporate spatial priors of the fluorophore distribution. This work is currently being investigated and will be reported in the future. The quantification of individual fluorophore species in terms of their absolute fluorescence strength and concentration rather than a relative one is challenging, yet it has some important advantages. All other factors such as light absorption, scattering, and volume effects affecting the detected intensity of the fluorescence signal need to be meticulously taken into account. The potential uncertainties in system responses and measurement details that may affect the reported data and the observed fluorescence characteristics associated with the tissue physiological state can then be eliminated. An objective comparison between different methods becomes straightforward. Most importantly, the recovery of the absolute fluorophore concentration as biologically relevant data facilitates data interpretation and improves tissue diagnosis. Figure 5 shows the variation of the relative fluorescence strength with tissue type in contrast to that of the absolute strength given in Fig. 2 . The discriminating power of the relative fluorescence strength is much weaker than that of the absolute fluorescence strength as suggested by their p-values for the statistical significance. Indeed, the absolute concentrations can be used to classify noncancer (perilesional and normal, n ¼ 66) versus cancer (n ¼ 52) much more accurately than the relative fluorescence strength. The receiver operating characteristic (ROC) curves computed using a support vector machine (SVM) 43 with fivefold cross validation are shown in Fig. 7 in which the accuracy of the classification is 99.8% for the former and 93.9% for the latter. The accuracy with the redox ratios alone is 77.1%. The relative error of the a priori spectra is 5%. The letter "T," "E," "N," and "F" represent Trp (intensity: 4000), elastin (intensity: 2000), NADH (intensity: 2000), and FAD (intensity: 4000), respectively. Fig. 7 The discrimination power of the absolute concentrations is much stronger than that of relative fluorescence strength and redox ratios. The ROC curves were computed using a SVM with fivefold cross validation for classification of noncancer (perilesional plus normal) versus cancer.
Journal of Biomedical Optics 066009-6 June 2017 • Vol. 22 (6) In conclusion, we have presented chemometric wide-field fluorescence microscopy for imaging the spatial distribution and concentration of endogenous fluorophores in thin tissue sections. Using broadband excitation and detection and nonnegative factorization aided by spatial diversity, both the spectral signature and the spatial distribution of endogenous fluorophores are recovered. The species and absolute concentration map of individual fluorophores are then derived by comparing the known "pure" fluorophore signature and their strength under the identical imaging condition. This microscopy has been demonstrated by retrieving the concentration map of all major endogenous fluorophores for normal, perilesional, and cancerous lung tissue. Chemometric fluorescence quantification in terms of the absolute concentration map rather than the relative strength exhibits some significant advantages including the elimination of the uncertainties due to system responses or measurement details, the generation of more biologically relevant data, and, most importantly, the enhancement in the accuracy of tissue diagnosis. This should also simplify the assessment of competing fluorescence imaging approaches.
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